Using previously recorded spectra of HCl diluted in Ar gas at room temperature for several pressure conditions, we show that the absorptions in between successive P and R transitions are significantly different from those predicted using purely Lorentzian line shapes. Direct theoretical predictions of the spectra are also made using requantized classical molecular dynamics simulations and an input HCl-Ar interaction potential. They provide the time evolution of the dipole auto-correlation function (DAF) whose Fourier-Laplace transform yields the absorption spectrum. These calculations very well reproduce the observed super-Lorentzian behavior in the troughs between the intense lines in the central part of the band and the tendency of absorption to become sub-Lorentzian in the band wings between high J lines. The analysis shows that the former behavior is essentially due to incomplete collisions which govern the DAF at very short times. In addition, the increasing influence of line-mixing when going away from the band center explains the tendency of absorption to become more and more sub-Lorentzian in the wings. Published by AIP Publishing. [http://dx.
I. INTRODUCTION
In a pioneering experimental study, 1 Benedict et al. demonstrated in 1956 that the absorptions in the troughs between transitions of the 1-0 band of pure HCl gas exceed those predicted using purely Lorentzian line shapes. A similar behavior was observed 2 sixteen years later for HCl diluted in CO 2 , and an empirical line shape was proposed for this system. It was only fifteen years later that a theoretical explanation was proposed in a study 3 including new measurements. Using a quasistatic approach 4, 5 and neglecting line-mixing effects, 5 Houdeau et al. showed 3 that the Lorentz widths of CO 2broadened HCl transitions increase with the distance to line center. This behavior was convincingly attributed to the finite duration of collisions and associated (very) short time behavior of the dipole autocorrelation function. However, this study and the model proposed have several limitations. The first is that a quasistatic approach was used, which is only adapted for the (relatively) far wings. 4, 5 The second is that line-mixing effects were disregarded. Such an approximation, likely valid in the central region of the band, nevertheless breaks down in the band wings and the regions around P(J) and R(J) lines for large J values (as discussed in Ref. 3 ). Finally, comparisons with measurements were made for the trough between the P(3) and P(4) lines only. The problem has been on standby since 1985 with, to the best of our knowledge, neither new measurement nor theoretical study. a) Author to whom correspondence should be addressed. Electronic mail: htran@lmd.jussieu.fr
In the present study, we revisit this issue experimentally and theoretically for HCl diluted in Ar at room temperature. Using previously recorded spectra in both the fundamental 6 and the first overtone 7 bands, we determined the absorptions in the troughs between successive transitions from the P (9) to the R(8) line. Comparisons with predictions using purely Lorentzian line shapes confirm, for both bands, that the absorption is super-Lorentzian in between the intense lines of the central part of the spectra. They also show, for the first time, that this behavior decreases when going away from the band center and that the absorptions become sub-Lorentzian in the high J line regions. A theoretical approach is also proposed in which the dipole autocorrelation function (whose Fourier-Laplace transform yields the spectrum) is directly calculated using requantized Classical Molecular Dynamics Simulations 8, 9 (CMDS) based on an input HCl-Ar intermolecular potential. Such calculations, free of any adjusted parameter, intrinsically take line-mixing effects and the finite duration of collision into account. They thus predict the entire spectrum, including the regions around line centers as well as the troughs between lines and the band wing. They lead, as shown thereafter, to a very satisfactory agreement with the observed non-Lorentzian effects.
II. EXPERIMENTAL DATA USED
The spectra of HCl diluted in Ar used here, as well as the setups and experimental conditions used to record them, are described in Refs. 6 and 7 for the 1-0 and 2-0 bands, respectively. Briefly, in Ref. 6 and a KBr beam splitter, together with a 2.19 m long high pressure cell and an InSb detector. Argon pressures ranging from about 10 to 50 bars were used with various (very) small relative amounts of HCl. A spectral resolution of 0.12 cm 1 was used. The 2-0 band was measured at a resolution of 0.075 cm 1 using a Bruker Vertex 80 FTIR spectrometer equipped with a tungsten lamp, a KBr beam splitter, and an InGaAs detector with the argon partial pressure ranging from approximately 1 to 10 bars. The identical setup was also used in Ref. 10 . In these studies, essentially devoted to the determination of the spectroscopic line parameters, the measured absorptions were fit near line centers using Voigt (or Lorentz) profiles, yielding the positions (including the pressure shift), Lorentz width, and integrated intensities of the transitions. Based on these retrieved spectroscopic parameters, we have computed spectra under the exact experimental conditions of Refs. 6 and 7 using purely Voigt (or Lorentz) line shapes. This was made not only near the line centers but also over the entire band, thus including the wings and the troughs between transitions. A comparison between a spectrum calculated this way and the associated measured one is plotted in Fig. 1 . This example reveals a super-Lorentzian behavior in between the lines within the central region of the band, which is similar to that observed 2 for HCl-CO 2 mixtures. It also shows that the absorption becomes sub-Lorentzian when going away from the center, toward high J lines and the band wings. Note that the measured and calculated spectra agree well at the line centers, their ratio being there very close to unity.
In order to average the various experimental results and have an overall view of non-Lorentzian effects, we retained the spectral points of minimum absorption in the troughs between successive lines. Local fits of measured spectra were made using a second order polynomial for a more precise determination of the absorption minimum. We then looked at the results obtained this way versus the product of the densities of HCl and Ar. As shown in Fig. 2 , the behavior is nicely linear as expected in the line wings for a highly diluted mixture. Linear fits were then applied to the values retrieved from both measured and Lorentzian-calculated results, providing the densitynormalized values (α 0 Meas and α 0 Lorentz ) of the absorptions in the troughs and the associated ratios α 0 Meas /α 0 Lorentz . The latter is the quantity retained for the quantification of non-Lorentzian effects and comparisons with calculations presented in Sec. IV.
III. CLASSICAL MOLECULAR DYNAMICS SIMULATIONS
Classical Molecular Dynamics Simulations (CMDS) 11 have been performed for highly diluted HCl-Ar mixtures at room temperature and at total densities of 1, 3, and 10 amagat. Each molecule M is characterized by its center-of-mass position q M (t) and velocity˙ q M (t), by a unit vector u M (t) along the molecular axis and by its rotational angular velocity vector ω M (t) [or, alternatively˙ u M (t)]. The time evolution of the system is governed by interactions among all molecules. Based on an input intermolecular potential and on the initial conditions [i.e., q M (0),˙ q M (t), u M (0), and ω M (t) see below], the evolution of the above mentioned molecular parameters are computed using classical mechanics, as done previously (e.g., Refs. 8 and 9). Here, a total number of N M = 2 × 10 7 molecules and atoms, placed in 5000 cubic boxes with periodic boundary conditions, was treated in each of the calculations. The latter were carried out on the IMB Blue Gene/P parallel computer of the Institut du Développement et des Ressources en Informatique Scientifique. The molecules' coordinates, the intermolecular potential used, and the calculation procedure are the same as those described in Ref. 9 , where details other than those given below can be found. The initial center-of-mass distances between the molecules are imposed to be larger than 8 Å in order to ensure that unphysical strong intermolecular interactions are absent at t = 0. The initial orientations of the translational and angular velocities of all molecules have been randomly chosen (as the orientations of the molecules axes) while their modulus obeys the Maxwell-Boltzmann distribution. After several tests, temporization times 11 of about 100, 30, and 10 ps were retained for calculations at 1, 3, and 10 amagat, and a time step of dt = 1 fs was used. At each time t, the force and torque applied to each molecule/atom by its neighbors are computed. The center-of-mass position q M (0) and velocity˙ q M (t), as well as the molecule orientation u M (t) and its angular velocity ω M (t) are then incremented from t to t + dt.
The normalized auto-correlation function φ rCMDS (t) of the molecular dipole µ(t) is computed since the latter is carried by the molecular axis u(t), from
(1)
Note that the time zero retained for the calculation of φ rCMDS (t) is not the starting one of the CMDS, but the temporization time defined above. The requantization procedure proposed in Ref. 9 was applied, i.e., starting from θ M (0) = 0 the angle θ M (t) is incremented at each time step using
where ω RQ M (t) is the requantized value of the classical rotational angular speed ω M (t) = || ω M (t)|| and sign M (t) = ±1 depending on the rotation direction. These quantities are determined as follows. i.e.,
The rCMDS (requantized classical molecular dynamics simulations) calculated spectra were analyzed with the procedure applied to the measured ones (see Sec. II). Specifically, the following three steps were used: (i) We started from a spectrum calculated for a highly diluted HCl-Ar mixture at 1 amagat and fit it using Lorentz profiles (since the Doppler term was omitted in the rCMDS). This provided the positions, integrated intensities, and Lorentz widths of the transitions. Note that the broadening coefficients obtained, shown by the blue full triangles in Fig. 3 , are in satisfactory agreement with measured values, as previously shown. 9 (ii) In a second step, these line parameters were used to simulate, using Lorentz line shapes, a spectrum at 10 amagat. (iii) The values of the absorption at the minima between successive lines were then retrieved from this spectrum and the one directly calculated using rCMDS for the same density. The non-Lorentzian behavior in the troughs between lines was then quantified by the ratio α rCMDS /α Lorentz of these two spectra.
IV. RESULTS AND DISCUSSION
The experimental and calculated results (i.e., the ratios α obs /α Lorentz and α rCMDS /α Lorentz ) obtained in the troughs between lines in the P and R branches of the 1-0 and 2-0 bands of HCl diluted in Ar are displayed in Fig. 4 . The agreement between measurements and theory is very satisfactory in all troughs from the P(9) to the R(8) lines, except for that between P(1) and R(0) which is discussed below. The rCMDS do well reproduce the super-Lorentzian behavior in the central part of the bands, as well as the fact that the absorption becomes sub-Lorentzian when going toward the band edges, in between high J lines. This is, to the best of our knowledge, the first direct and accurate calculation of non-Lorentzian effects over an entire band of HCl. Now considering the troughs at the band centers between the P(1) and R(0) lines, a strongly super-Lorentzian (by a factor of about 3) is observed ( Figs. 1  and 4) , which is poorly reproduced by the rCMDS. The latter lead to α rCMDS /α Lorentz = 1.7, almost a factor of two lower than that determined from measured spectra. For the 1-0 band, a likely explanation for this discrepancy is the fact that, in addition to the cumulated contribution of the wings of all P and R lines on both sides, previous studies 1,2,6 have shown the presence of an absorption structure between the P(1) and R(0) lines. It is discernable through its peak near 2887 cm 1 in the bottom plot of Fig. 1 , and its amplitude is, 6 for pressures up to 50 atm, comparable to the background due to the line wings that carry it (note that it becomes very significant in the liquid phase 13, 14 ). As explained in Refs. 6, 13, and 15 and references cited therein, it can be attributed to long-lived Ar-HCl complexes whose contribution is not included in our rCMDS. The resulting calculated spectra thus do not contain absorption due to these complexes and underestimate the absorption near the band center by a factor close to two. Due to experimental noise, it has not been possible to clearly identify an equivalent structure in the first overtone. However, we have no reason to doubt that Ar-HCl complexes also absorb at frequencies close to that of the free HCl 2-0 band, thus also explaining the discrepancies for the central trough of this overtone.
Note that the rCMDS disregard the vibrational dependence of the HCl-Ar potential and its effect on the collisional broadening which results in larger linewidths in the first overtone than in the fundamental (or rotational) band (see Fig. 3 and Ref. 6 ). In addition, they also do not take the vibrational dephasing into account and thus do not predict any pressureshifting of the lines. Considering this last approximation, it is likely of very small consequences since the shifts are practically negligible when compared to the spectral separation between successive absorption lines. For the vibrational broadening, neglecting it also has small effects. Indeed, although the calculated widths show non-negligible differences with measured ones (Fig. 3) , this has small consequences on the considered ratio of spectra (i.e., α rCMDS /α Lorentz ). In fact, the consistent errors that are made on both α rCMDS and α Lorentz somehow cancel out when these two absorption coefficients are ratioed out. This small sensitivity of the non-Lorentzian relative effects to the shifts and widths is confirmed by the fact that very similar results are obtained from both experiments and calculations in the 1-0 and 2-0 bands (Fig. 4) .
In order to clarify which processes are responsible for the observed non-Lorentzian behaviors, we have determined the relative number ρ m (t) of molecules that were on a given rotational level m at time t = 0 and have remained on the same level until time t. Typical results, plotted in Fig. 5 , show that two regions are involved. At long time scales, for t larger than a few ps, the populations nicely follow exponential decays with time constants τ ∞ m . On the other hand, for t smaller than a few 0.1 ps, the populations change much more rapidly and do not follow a single exponential decay. It is obvious that, in this short time region, the evolution of ρ m (t) is essentially governed by the molecules that, at t = 0, are experiencing a collision (i.e., are in a significant interaction with an Ar atom). After a fraction of a ps, the associated HCl molecule and Ar atom have moved away from each other and the effect of their interaction vanishes.
In order to go further, recall that, if one neglects both the influence of line-mixing and the contribution of dephasing collisions to the decay of the dipole auto-correlation function (which is then only due to changes of the rotational quantum number m), the latter has a simple expression. Indeed, when normalized by the HCl density, it is given, in the collisional regime (no Doppler effect), by
where S m is the integrated intensity of the line of rotational quantum number m and ω m is its rotational angular frequency. Since the resulting spectrum is obtained from the Fourier-Laplace transform of φ(t), Eq. (4) and Fig. 5 show that it is composed of two components. The first is a sum of Lorentzian line contributions associated with the long time scale exponential decays of ρ m (t). Indeed, the Fourier-Laplace transform of an exponential leads to a Lorentzian with a half width at half maximum
is the decay time constant. Note, at this step, that the associated broadening coefficients, denoted in Fig. 3 by the blue open triangles, are in reasonable agreement with measured values. They are slightly smaller than those obtained from the direct rCMDS since dephasing processes are disregarded by the model of Eq. (4). The second component to the spectrum results from the behavior of the populations before typically 1 ps. Since, at these short times the ρ m (t) vary much more quickly than at longer time scales (see Fig. 5 ), the Fourier-Laplace transform leads to much broader structures that significantly modify the line wings (and the absorption in the troughs) and thus result in a non-Lorentzian behavior. In order to be more quantitative, we have fit the time evolutions of the various populations using a sum of exponential decays. Since two were not enough for a good adjustment, we used
with the imposed condition a 1 m + a 2 m + a ∞ m = 1. The quality of these fits is exemplified in Fig. 5 . Introducing Eq. (5) into Eqs. (3) and (4) straightforwardly leads to the following expression of the absorption coefficient:
with σ ≡ ω/(2πc), σ m ≡ ω m /(2πc) and Γ k m ≡ 1/(2πcτ k m ). The spectrum is thus the superposition of three spectra composed of Lorentzian lines with different widths Γ k m and intensities S m a k m (with k = 1, 2, ∞). It is compared in Fig. 6 with the associated purely Lorentzian one given by
As can be seen, super-Lorentzian absorptions are obtained in the troughs between lines. This confirms that the (very) short time evolution of the dipole auto-correlation function is responsible for this behavior, as concluded in Ref Fig. 7 shows that there are two regimes. The first, governed by the exponentials of time constants τ 1 m and τ 2 m , is associated with HCl molecules which significantly interact with an Ar atom at time t = 0 or shortly after. It is easy to understand that the decays of the population that they induce are independent of the density since they are directly related to the delays needed for an ongoing or a shortly coming collision to be completed. Note that the values in Fig. 7 are consistent with those obtained by considering displacement of a few 0.1 (respectively 5) Å at the Fig. 5 ). The red squares and black circle have been obtained from calculations at the densities of 1 and 3 amagat, respectively. mean relative speed (550 m/s). On the other hand, longer time scale decays, governed by τ ∞ m , involve HCl-Ar pairs which are much further apart at t = 0. Since the mean free path is inversely proportional to the gas density, the average delay needed for a collision to occur and thus the associated time constant τ ∞ m are also inversely proportional to the density. Note that, if we assume that an efficient collision requires a molecule of HCl to be closer than 5 Å from an Ar atom, the mean free path is, at 1 amagat, of about 500 Å. For a relative speed of 550 m/s, this corresponds to a time interval of 100 ps which is typically the value of τ ∞ m for the low J lines. The amplitudes a 1,2,∞ m and their dependences on the density are plotted in Fig. 8 . As easily understood, the relative number of molecules, which are experiencing a collision at t = 0 or at very shortly times, i.e., the a 1 m and a 2 m , are proportional to the density. Indeed, they are governed by the number of Ar atoms within two spheres around an HCl molecule. In order to go further, let us consider the isotropic part of the potential used. 9, 14 This could be nicely fitted (not shown here) by a Lennard-Jones potential function versus the distance between the Ar atom and the HCl molecule center of mass with a minimum of 170 K at 3.8 Å. This potential is close to 20 K at 6 Å while its repulsive wall is 300 K at 3.3 Å. Now, for a 1 m which is governed by efficient collisions going on at t = 0, the radii of these spheres can be estimated as typically R 1 ≈ 3.3 Å and R 2 ≈ 3.8 Å leading to a typical relative number of N 1 = 4π(R 3 2 − R 3 1 )d Ar /3, where d Ar is the Ar density. At one amagat, this leads to N 1 ≈ 0.002, which agrees well with a 1 m . For just starting collisions and a 2 m , it is reasonable to consider R 2 ≈ 6 Å and R 1 ≈ 3.8 Å, leading to N 1 ≈ 0.018, which is indeed close to the values of a 2 m .
V. CONCLUSION
Using previously recorded spectra in the fundamental and first overtone bands of HCl diluted in Ar gas, we show that the absorption in the troughs between the intense lines in the central part of both bands exceeds that predicted using Lorentzian line shapes. On the other hand, the troughs between lines of high rotational quantum numbers J on the edges of the bands are increasingly sub-Lorentzian as one goes away from the band center. First principle direct calculations of spectra are carried out using requantized molecular dynamics simulations. The latter lead to a very good agreement with measurements and enable to clarify the processes involved. They show that the observed non-Lorentzian absorption results from two competitive mechanisms: (i) the behavior of the dipole autocorrelation at short times (related with collisions that are ongoing or start at t = 0) which induces super-Lorentzian effects; (ii) line-mixing (i.e., transfers of populations among the rotational levels) that reduces the absorption in the band wings and high J line regions and induces sub-Lorentzian effects.
